Abstract-A novel compressed air energy storage system for wind turbine is proposed. It captures excess power prior to electricity generation so that electrical components can be downsized for demand instead of supply. Energy is stored in a high pressure dual chamber liquid-compressed air storage vessel. It takes advantage of the power density of hydraulics and the energy density of pneumatics in the "open accumulator" architecture. A liquid piston air compressor/expander is utilized to achieve near-isothermal compression/expansion for efficient operation. A dynamic system model as well as control laws for optimizing the turbine power, delivering required electrical power and maintaining system pressure are developed. A set of simulation case studies demonstrate the operation of the system.
I. INTRODUCTION
enewable energy such as wind and solar energy are clean and available as long as the wind blows or sun shines. Two main disadvantages of these energy sources are their intermittency and that their availabilities do not often correspond to power demand. For example, wind energy tends to be more abundant at night when power demand is low. Variations in wind speed and solar intensity make integrating wind and solar energy into the electric power grid a challenge. An energy storage system can provide steady and predictable power by storing excess energy and releasing it when the demand is greater than supply.
In this paper, we consider an energy storage concept for wind turbines especially those that are off-shore. The capacity factor of current off-shore wind turbines are typically less than 50%. Therefore, the electrical generator, collection and transmission system are under-utilized. Collection and transmission is a major portion of the balance-of-plant cost for an off-shore wind turbine. By storing the energy prior to generation of electricity, the electrical components can be downsized for demand instead of supply.
A novel Compressed Air Energy Storage (CAES) concept for wind turbines was proposed in [1] (Fig. 1 ). Storing energy in high pressure (~200-350 bar) compressed air is attractive because 1) it has a relatively high energy density (~ 5MW*8hr energy can be stored in a 500m 3 vessel at 35MPa) compared to pumped hydro (~ 144,000m 3 at 100m); 2) it is scalable (energy capacity scales linearly with 1 This work is supported by the National Science Foundation under grant NSF-EFRI #1038294, and University of Minnesota, Institute for Renewable Energy and Environment (IREE) under grant: RS-0027-11. 2 The authors are with the Department of Mechanical Engineering, University of Minnesota, Minneapolis, MN 55455. Emails: {saad0021,perry-li}@umn.edu storage vessel volume); 3) it is cost effective and has a long life cycle relative to electric batteries; 4) it is not dependent on specific geologic sites as needed by a conventional CAES or pumped hydro.
In a conventional CAES system, excess electricity is used to drive an air compressor that compresses air into an underground salt cavern; and the energy is then retrieved by pre-compressing and improving the efficiency of natural gas combustion in a gas fired turbine. Such a system is relatively inefficient (< 50%), requires use of hydrocarbon fuel, and depends on geological sites.
In the proposed CAES system [1] , excess energy from the wind turbine is stored locally, prior to electricity generation, as compressed air in a storage pressure vessel. This allows electrical components to be downsized. The compressor/expander used to store and extract energy operates nearly isothermal so that it is efficient. A variable hydraulic drive, instead of a mechanical gearbox, is used for power transmission. This improves the reliability of the transmission system and allows the generator and the storage system to be housed down tower, thus reducing construction and repair costs. In addition, a cost effective fixed speed inductor generator can be used instead of the combination of a permanent magnet synchronous motor and power electronics for frequency conversion.
Two major challenges are: 1) compressor/expanders are generally not very efficient or powerful; 2) the pressure in the storage vessel reduces as compressed air in the storage vessel depletes, making it difficult for the air compressor/expander to maintain either its efficiency or power at all energy levels. The first challenge is overcome by developing a liquid piston air compressor/expander with enhanced heat transfer [3, 8] and reduced leakage. The latter is overcome by deploying an "open accumulator" configuration [2] with a dual chamber storage vessel for both liquid and compressed air, such that energy can be stored/retrieved hydraulically and pneumatically. Therefore, storage vessel pressure can be maintained constant regardless of energy content, and the compressor/expander can be downsized for steady power instead of peak power. This paper presents a mathematical model and control algorithms for this near-isothermal, open accumulator, CAES system. Section 2 presents an overview of the system. Detailed mathematical models and control algorithms are presented in sections 3 and 4. Three case studies are presented in section 5.
Modeling and Control of a Novel Compressed Air Energy Storage
System for Offshore Wind Turbine II. SYSTEM OVERVIEW Figure 1 . Compressed air energy storage system with the dual chamber accumulator coupled to an offshore wind turbine
The proposed CAES uses the "open accumulator" architecture [2] as shown in Fig. 1 . A variable displacement hydraulic pump (B) is attached to the wind turbine rotor in the nacelle which converts wind power to hydraulic power. At the sea level there is a tandem connection of a variable displacement hydraulic pump/motor (C), a near-isothermal liquid piston air compressor/expander (E) and a fixed speed induction generator (F). They are driven by the hydraulic pump (B), and exchange powers hydraulically or pneumatically with the high pressure storage vessel (D). The storage vessel (D) contains both liquid and compressed air at the same pressure. Energy can be stored or extracted by pumping or releasing i) pressurized liquid similar to a conventional hydraulic accumulator; or ii) compressed air similar to a conventional air receiver. In both cases, energy is stored in the compressed air regardless. By coordinating the hydraulic and the pneumatic paths, the pressure in (D) can be maintained constant regardless of energy content. For example, as compressed air is being released from (D), some liquid can be added to reduce the compressed air volume to maintain pressure. However, since hydraulic pump/motor tends to be more power dense than pneumatic compressor/expander, the hydraulic path can be utilized to accommodate high power transient events such as wind gust or sudden power demand, whereas the pneumatic path can be reserved for steady power [1] .
The liquid piston air compressor/expander (E) consists of a compression/expansion chamber with a honeycomb porous material (E1), and a liquid piston pump/motor (E2). The porous material is used to increase the heat transfer surface area. The liquid piston is used because it can flow through the porous material and provides a tight seal for the compressed air. Heat transfer can also be enhanced by water spray in addition. When storing energy pneumatically, the liquid piston pump/motor (E1) pumps seawater into the compression/expansion chamber, compressing the air within it. Heat of compression is transferred to the porous material and to the water to maintain a near isothermal operation. The chamber is refreshed by releasing the sea water and filling it with atmospheric air for the next cycle. When retrieving energy, the compressed air is bled into the expansion chamber. As the air expands, the liquid piston retreats and pump/motor (E2) is motored. Heat is supplied from the porous material to the expanding air to keep the air from getting too cold.
III. MODELING

A. Wind Turbine Rotor
A wind turbine extracts wind's kinetic energy from the swept area of its rotor blades. The aerodynamic torque for a given wind speed and rotor speed ω r on the wind turbine shaft is given by [6, 9] : (1) where is the radius of turbine, is the power coefficient [6] , β is the pitch angle and (2) is the tip speed ratio. For maximum power capture within the turbine's capability (i.e. in region 2), the turbine's tip speed ratio should be at its optimal setting λ opt = 8.1 and β=0. At higher wind speed, β is increased for curtailment (region 3).
B. Pump/Motor (B) in Nacelle
The hydraulic flow and torque in pump (C) are:
where is the input displacement of the pump, is the turbine rotor speed and and are the flow and torque losses of the pump.
C. Pump/motor (C) at Sea-level
The pump/motor (C) at sea-level is modeled similarly as pump (B) in the nacelle except that it can function as both a pump and a motor. Thus, flow and torque are:
where is the angular speed of the generator, where (t) is the input displacement of the pump/motor, and are the flow and torque losses of the pump/motor. Notice that implies that for positive the pump/motor is motoring.
D. Storage Vessel (D)
The storage vessel is a fixed volume (V acc ) container with both compressed air (volume V air (t) and mass ) and liquid (volume V water (t) = V acc -V air (t)). Both the liquid and air are at pressure P acc (t). For the current model, it is assumed that the compressed air from the compressor has been cooled down and enters vessel at ambient temperature T 0 (Fig. 2) . This is a conservative assumption. In reality, the compressed air enters the storage vessel when its pressure reaches P acc (t) and is usually at an elevated temperature. The compressed air will not cool down instantaneously inside the vessel. The volume and pressure dynamics are given by: (7) (8) where and are the liquid volume flow rate and mean gas mass flow rates into the storage vessel. The stored energy in the storage vessel is given by the maximum work available in the compressed air at ambient temperature T 0 and pressure where r is the pressure ratio. This is achieved through an isothermal expansion at and is given by [3] : (9) The actual work needed to store this energy and the work that can be extracted from the compressed air depends on the efficiency of the air compressor/expander.
E. Liquid Piston Air Compressor/Expander
The air compressor/expander uses mechanical energy from the rotational shaft to compress air for storage, and extracts energy from the compressed air through expansion to drive the rotational shaft. In the liquid piston air compressor/expander, the transmission is via a water column and the liquid piston hydraulic pump/motor (E2). The compression/expansion chamber (E1) is filled with a porous material for enhanced heat transfer. When storing energy, i) the compression chamber is filled with atmospheric air; ii) water is pumped into the compression chamber, compressing the air; iii) when the pressure reaches P acc , air is injected into the storage vessel; iv) the liquid piston retreats, a valve opens to the atmosphere, the chamber is filled with atmospheric air and the cycle repeats. When extracting energy, i) the chamber is filled with water; ii) some amount of compressed air from the storage vessel enters into chamber; iii) the compressed air expands pushing the liquid piston and motoring the hydraulic pump/motor; iv) a valve opens, ejecting the expanded air to atmosphere as the liquid piston refills the chamber and the cycle repeats.
The liquid piston pump/motor operates cyclically with a period ~1.0sec. Here we develop a continuous average model for the compressor/expander. The trajectory of the liquid piston in each cycle affects significantly the efficiency and power of the compressor/expander [4, 5, 8] . An optimized compression/expansion profile can increase the power by up to 500%, at the same efficiency over ad-hoc profiles, such as linear or sinusoidal profiles. For example, the optimal compression/expansion profile consists of an adiabatic-isothermal-adiabatic (AIA) sequence, followed by an isobaric compression (Fig. 3) if "hA" the heat transfer coefficient ("h") and area ("A") product is constant [4] . Decreasing the isothermal temperature increases the compression/expansion time and efficiency but decreases power.
Although strictly speaking, "hA" is not constant and liquid friction is an important consideration for flow inside porous material, for simplicity, we assume that compression/expansion follows the AIA sequence. This leads to a slightly conservative estimation of power at the same efficiency [8] . By considering (5) and the total work over a cycle, we obtain a mean liquid piston pressure relation:
(10) (11) where are the mean liquid piston flow and pressure, is the atmospheric air density, is the unsigned volume specific work input or output, is the efficiency of the compression or expansion process. As shown in (11), when (i.e. motoring). or is computed by the area under the P-V curve (Fig. 3) for a specific A-I-A sequence determined by the pressure ratio (r) and the cycle time as specified by (P acc , q w ).
The relation between the liquid piston pressure and flow ( and the shaft torque and speed ( are: where is the mean liquid piston pump/motor displacement, and are the mean flow and torque loss function. The actual liquid piston displacement in a cycle varies rapidly to achieve the desired compression/expansion profile. Notice that since the mean liquid piston flow rate q w , are pressure P w are coupled in (11) and (12), they must be solved together.
F. Induction Generator
The static torque relationship for a three phase generator is given by [6, 9] : 
where is the generator speed, is the synchronous speed with being grid frequency, , , are the resistances and and , the leakage reactances of the rotor/stator, is voltage and is number of poles, The machine is a generator when and is a motor otherwise. In (14) only the generator speed is variable so that controlling is equivalent to controlling generator power:
(15)
G. Inertia Dynamics
The inertia dynamics of the turbine rotor shaft are:
where is the moment of inertia of the rotor, is the hydraulic pump (A) torque and is the wind torque given in (4) and (1). The inertia dynamics of the generator shaft are: (17) where is the moment of inertia of the generator shaft, , and are the liquid piston air compressor/expander torque, pump/motor torque and the induction generator torque given in Eqs. (13), (6) and (14).
IV. SIZING
The storage system is designed for an offshore wind turbine with =50 m and a 3 MW generator. We assume an average wind speed of 13 m/s for 8 hours (at night) and an average wind speed of 8.8 m/s for the rest of the day. These correspond to 4.2 MW and 1.3 MW wind power. Suppose 2 MW constant power demand is required from the generator (by the network). Then the storage system must be able to store 63GJ of energy. At pressure ratio of r=200, from Eq. (9), the storage vessel size of 700 m 3 is needed.
From (1), (2), (4), to capture the maximum power at wind speed of V w =13 m/s, if directly coupled to the rotor, at pressure ratio of r=200, a nacelle hydraulic pump (B) displacement of D max,p 630 liters/rev is needed at max speed of 20 rpm. Correspondingly, the hydraulic pump/motor (C) which rotates at generator speed of 3600 rpm will need a displacement of D max,p/M =3.5 liters/rev.
To size the liquid piston air compressor/expander, we prescribe the maximum power to be 2MW and the minimum efficiency to be 85%. Atmospheric air flow rate of 3.8 m 3 /s is needed. At 2Hz, the air compressor/expander displacement of 1.9m 3 . From [4] , heat transfer capability of hA of 750 W/K would be sufficient. From (11), the liquid piston pump/motor mean pressure P w = 0.63 MPa, and mean liquid flow q w = 3.8 m 3 /s are needed. At 3600 rpm, the mean liquid piston displacement would be 63 liters/rev. Note that the instantaneous flow rate and displacement for the liquid piston pump/motor would be larger to meet the requirement of the optimal compression/expansion profile. 3 and (air volume in the storage vessel); and three control inputs:
(pump displacement), (pump/motor displacement) and (liquid piston pump/motor displacement). The dynamics are given in (7), (8), (10), (16) and (17).
I. Turbine Control
The nacelle pump is used to control the turbine speed via the "standard" torque controller [7] to maximize power capture:
Pump displacement D p (t) is then set according to (4) . When the measurements and turbine model are perfect, it can be shown from (1), (2), (16) that the rotor speed converges to the optimal value.
II. Steady State Mode -Constant Pressure Controller
In the steady state mode, the controller aims to control both the generator shaft speed ( ), hence power, and the storage pressure (
). This involves both the hydraulic pump/motor (C) and the liquid piston air compressor/expander (E) in concert. The generator speed and storage vessel pressure dynamics:
can be written as: (22) where F and H are: , 3 or air mass .
For simplicity, a feedback linearizing is used:
where e is the error vector between the real and the desired value for the generator speed and the storage vessel pressure (e= [ -, -] T ). Since the storage vessel has been designed to have enough space for the compressed air, the air volume dynamics in (7) inside the storage vessel will not be controlled.
III. Transient Power Controller
The previous controller is used for the long term operation of the storage system where pressure is actively controlled. A different controller is proposed to illustrate the capability of the proposed system to capture the large transient supply/demand power using the more efficient hydraulic path while minimizing the use of the pneumatic system. This allows the air compressor/expander to be sized for mean power instead of peak power. In this scenario, the pump/motor (C)'s displacement is used to regulate the speed of the generator, while the liquid piston compressor/expander displacement is used to loosely maintain a constant pressure in the tank:
In the following simulations, , and are chosen as:
, , =500
VI. CASE STUDIES
A. Long Term Operation: Storage and Regeneration
A wind profile with alternate periods of two different average speeds (13m/s and 8m/s) is simulated. Power demand is assumed to be constant at 2MW. Figures 4-7 show the operation of the components. Energy is stored during high wind speed condition, and regenerated during low wind speed condition. The desired electrical power is generated and the storage vessel pressure is maintained at a constant value by adding/removing some liquid from it. As designed, the average compressor efficiency of over 90% is obtained. A summary of the average power flow through different parts of the CAES system during storage and regeneration periods has been shown in Fig. 7 . Notice in particular that wind power as high as 4.8MW is being captured while the generator is only sized at 3MW. In this scenario, the generator is operating at a capacity factor of 66%. It can be increased to 80% if downsized to 2.5MW. 
B. Short Term Operation: Transient Wind Power
A key feature of the new architecture is the ability of the storage system to capture power from high power transient wind or "wind gust", or to satisfy high transient power demand. The strategy is to utilize the liquid side of the storage vessel rather than the air side for these transients. Fig.  8 illustrates the operation of the transient controller when two high power 10s wind gust occurs. As expected, pressure is not maintained during the transient and returns to its nominal value afterwards. 
C. Wind power grid integration and load matching
In practice, the electricity demand is varying over day and night. Assume the wind power generation and electricity demand scaled curves in Fig 9 (upper figure) . The captured energy from a conventional wind turbine is shown in the figure that is the area under the minimum of the available wind power and grid demand curves (yellow area). It is desired to maximize the captured energy by shifting the generated power curve to follow the demand and improve the grid integration. This is done by storing energy at night and releasing it in daytime through the application of CAES system as shown in Fig. 9 (lower figure) . In this example, the energy production is about 43% of the available wind energy using a conventional wind turbine. However, this value can be increased up to more than 90% for the same wind turbine equipped with a CAES system. Figure 9 . Electricity Demand (black), Available Wind Power (red) and Captured Energy by Wind Turbine (yellow area). As shown here, CAES system increases the energy production by shifting the energy generation to follow the demand power Ideally, a complete load matching can be obtained that removes the variability and intermittency of wind power and results in a higher capacity factor.
VII. CONCLUSIONS
A compressed air energy storage system for offshore wind turbines and its system model have been presented. A continuous averaged model for a liquid piston air compressor/expander is extracted from the cycle-to-cycle operation with optimal compression or expansion profiles. The architecture allows simple controllers to be designed to capture maximum wind energy, maintain system pressure, and generate the require power. This also allows high transient power supply/demand to be handled via hydraulic components only. Case studies demonstrate that the system can capture wind power beyond the capability of the electrical components and operate at a high capacity factor. The improved grid integration and load matching are obtained by using CAES system. This will eventually make wind energy a dispatchable base power source that replaces the equivalent amount of fossil-fuel capacity. Further investigations are needed to integrate and optimize the transient and steady power controllers, and for the design, modeling and operation of a multi-stage air compressor/expander. 
